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Dielectric experiments on the incommensurate solid solution (Pb0,csSncs5)2P2Se6 for T- 1.2- 
200 K reveal a strong temperature dependence of the real part of the dielectric constant for 
T<45 K. The relative dielectric sensitivity d ln(e’)/dT=:2-8 K-’ is found to be 2-3 times 
higher in comparison to widely used glass-ceramic temperature sensors. Moreover, the dielectric 
constant has a very good time stability and is insensitive to magnetic fields up to 20 T (dT/ 
dB < 10m4 K/T). These characteristics make this material a very promising candidate for 
applications in capacitive temperature sensors for low temperature thermometry in high 
magnetic fields. 
Semiconductor sensors provide some of the most sen- 
sitive devices used in thermometry. In the presence of a 
magnetic field, however, their use is strongly limited due to 
magnetoresistive effects characteristic for semiconductors. 
Capacitive sensors using dielectric materials with a strong 
temperature dependence of the dielectric constant are in 
general less sensitive, but are relatively insensitive to mag- 
netic fields. At present the commercially available glass- 
ceramic capacitance thermometers are widely used in ther- 
mometry in high magnetic fields.le3 In the present letter we 
report on a study of a new dielectric crystalline material 
suitable as a medium for low temperature thermometry in 
high magnetic fields. 
At room temperature Sn,P,Se6 has a paraelectric 
phase. Upon lowering the temperature two phase transi- 
tions occur to an incommensurate (IC) ( Tic220 K) and 
a ferroelectric (T,-= 193 K) phase, respectively. It was re- 
cently shown that upon substituting tin atoms in the cation 
sublattice of (Pb,,Sn,-,) ,P,Se6 (y=O) by isovalent lead 
atoms the temperature region of existence of the incom- 
mensurate IC phase in these materials becomes more ex- 
tended and simultaneously shifts towards lower tempera- 
tures.4 For y < 0.4 the existence region of the ferroelectric 
phase has vanished and the IC phase is stable down to 0 K. 
The dielectric properties of the solid solutions with y > 0.4 
deviate substantially from those of pure Sn2P2Se6. The sud- 
den drop in the dielectric constant, characteristic for the 
IC-ferroelectric phase transition disappears for y > 0.4 (see 
Fig. 1). 
Based on the character of the temperature dependence 
of the dielectric constant in various representatives of the 
(Pb,,Sn, -,,) ,P,Se6 solid solution5 (see Fig. 1) the y = 0.45 
compound is chosen as the most suitable candidate for 
further studies. The data shown in Fig. 1 for y=O.2, 0.4, 
0.5, 0.55, and 0.6 are obtained from sublimation grown 
crystals. This method provides high quality crystals but 
yields only small sized crystals, typically a few mm3, which 
limits their practical applicability. In order to obtain larger 
samples, the y=O.45 crystals are grown using the 
Bridgman technique. The growing method has been de- 
scribed elsewhere.” The Bridgman grown crystals are gen- 
erally of somewhat less quality compared to sublimation 
grown crystals, as is for instance reflected in the lower 
absolute values of the dielectric constant. 
For the experiments platelets perpendicular to the 
(100) direction are cut (5X5X 1.5 mm3) from a 
( Pbo.4sSno.ss jzP,Se6 crystal. Subsequently Al electrodes are 
evaporated on the surfaces of the platelets. 
Dielectric measurements in the temperature region be- 
tween 4.2 and 200 K were performed in a dynamical flow 
cryostat in the quasistatic regime with a cooling/heating 
rate of 0.5 K/mm by means of a General Radio 1615-A 
transformer bridge operating at 1 kHz, with a measuring 
field of 4 V/cm. The sample was mounted inside a temper- 
ature controlled copper housing. The temperature is con- 
trolled by an Oxford DTC 2 temperature controller in 
combination with a thermocouple mounted in the copper 
housing. The temperature was measured with a calibrated 
Allan-Bradley thermoresistor, also mounted in the copper 
housing. Measurements below 4.2 K have been performed 
with the copper housing immersed in a pumped liquid He 
bath cryostat. The temperature was measured using a RuO 
surface mounted device resistor. For the magnetic field 
experiments at 1.2 and 4.2 K, the bath cryostat was 
mounted in a 20 T bitter magnet at the Nijmegen High 
Field Magnet Laboratory. In this case, the capacitance of 
the sample was measured using an Andeen Hagerling 2500 
A automatic capacitance bridge. A personal computer was 
used for the data collection. 
The temperature dependence of the dielectric constant 
of (Pb0,45Sn0,,,),P,Se6 shows a smeared maximum at 80 K 
and a plateau-like behavior with a small thermal hysteresis 
between 80 and 50 K. The compounds withy < 0.45 exhibit 
the usual hysteresis which is characteristic for the incom- 
mensurate phase. For higher Pb concentrations, where the 
paraelectricdc phase transition has shifted below 100 K, 
the thermal hysteresis in E’ is absent. For the 
(Pbc,,,Snc,,,) 2P,Se6 compound, the region below 50 K is of 
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FIG. 1. Temperature dependence.of the real part of the dielectric func- 
tion of the (Pb;Sn,-,),P,Se, solid solutions (soid. lines: upon heating, 
dashed lines: upon cooling) for p=O.2; 0.4; 0.45; 0.5; 0.55; and 0.6. 
most interest in regard to its possible applicability in tem- 
perature sensors. In Fig. 2 we have plotted the dielectric 
constant and the loss tangent tg S for (PbO,&r,,,s),P,Se, 
for temperatures below 50-K. The loss tangent shows a 
peak near 10 K. The dielectric constant exhibits a fre- 
quency dispersion of about 0.5% kHz- ’ in the l-6 kHz 
region. Measurements of the time stability of the’capaci- 
tance and the dielectric loss at 4.2 K showed only very 
small variations, which could be attributed to pressure 
variations in the He bath cryostat. The temperature depen- 
dence of the absolute (d&/U) and relative [d ln(e’)/&‘J 
sensitivities of the material as a temperature sensor derived 
from Fig. 2 are plotted in Fig. 3. The absolute and relative 
sensitivities reach their maxima at 10 and 7 K, respec- 
tively. An important parameter in thermometry, especially 
at low temperatures, is the amount of heat produced by the 
used sensor. For capacitance sensors, this heat is produced 
by dissipation due to dielectric losses. The specific self- 
heating rate in dielectrics is defined as7 
;=r fe’ tg SE2, 
where Yis the sample volume of the dielectric subjected to 
a time varying electric field E with a frequency J: E’ is the 
T (K) 
real part of the dielectric function and tg S the dissipation 
factor. The calculated temperature dependence of the spe- 
cific self-heating rate in (Pb0.,&,&P,Se6 cf= 1 kHz, 
E=4 V/cm) is shown in Fig. 4. It is worth noting that the 
self-heating rate decreases as a function of temperature 
below 2O’K, i.e., in the temperature region where a low 
dissipation is of vital importance. Similar to glass-ceramic 
thermometers, the self-heating rate is very small and lies in 
the picowatt/cm3 range. The maximum in the self-heating 
rate corresponds to 40 fW dissipation in the used samples. 
Figure 5 shows the magnetic field dependence of the 
capacitance of (Pbo.4sSno.ss)2P2Se6 for T= 1.2 and 4.2 K. 
The measurements plotted here are recorded at a magnetic 
field sweep rate~of 1 T/min. In general it was found that 
the amplitude of the hysteresis observed in Fig. 5 increases 
for increasing sweep rates. It is conceivable that part of this 
hysteresis and its sweep rate dependence is due to local 
temperature variations in the bath cryostat, caused by for 
instance eddy currents in the copper heat shields. Similar 
effects have been observed in dielectric measurements on 
glass-ceramic materials.’ The fact that the capacitance 
does not restore to its initial value is caused by pressure 
drifts giving rise to a drift in the overall bath temperature. 
This drift is also observed in the absence of a magnetic 
field. 
In comparing the results on the dielectric parameters 
of ( Pbo,4,Sn0.,,)ZPZSe6 reported here to those of the widely 
used glass-ceramic thermometers we find that 
(Pbo,4$no.ss),P,Se6 has a significantly higher absolute 
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PIG. 2. Temperature dependence of E’ and tg 6 for the FIG. 4. Specific self-heating rate for the (Pbe,.,,Sn,,,),P,Se, solid solu- 
(Pbe,,sSna,ss),P,Se6 solid solutions at E=4 V/cm and f= 1 kHz. tion calculated from Eq. ( 1). 
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FIG. 5. Effect of the magnetic field on the capacitance of a 
(Pbo.,,Sn,,,,),P,Se, sample at 4.2 and 1.2 K at a magnetic field sweep rate 
of 1 T/min. 
In particular, we find for the relative sensitivity d In C/dT 
-8.5% K-‘, whereas for the glass-ceramic materials a 
value of d In C/dT= 1.3% K-’ has been reported.’ At 1.2 
K the relative sensitivity is about 5% K-‘. Hence, one can 
expect that even in the sub-Kelvin regime the sensitivity 
will still be appreciable. This regime is currently under 
investigation. 
The first experiments on the time stability in 30 min- 
utes, as well as on the reproducibility upon thermal cycling 
show variations in the capacitance corresponding to tem- 
perature fluctuations of approximately 5 mK. This-value 
gives an upper bound for the variations, and is determined 
by the experimental conditions. Further experiments are 
needed to obtain more accurate data. 
The magnetic field dependence of the capacitance cor- 
responds to a field sensitivity of at most 0.1 mK/T for 
B < 20 T. It should be noted, however, that a major part of 
the field dependence (Pb0,sSq,55),P2Se6 is caused by the 
experimental conditions, and does not relate to the field 
dependence of the dielectric parameters. 
In respect to the above conclusions, it seems that the 
( Pb,,Sn,,,),P,Se6 solid solution provides a most suitable 
candidate for applications in low temperature thermome- 
try in high magnetic fields. 
We are grateful to V. Yu. Slivka for helpful discus- 
sions. One of us (M.M.M.) would like to express his 
thanks to the staff of the Research Institute of Materials of 
the University of Nijmegen for their hospitality and assis- 
tance, and the Dutch and former Soviet Union govern- 
ments for financial support through a cultural exchange 
program. Part of this work was financially supported by 
the Dutch Foundation for Fundamental Research of Mat- 
ter (FOM). 
‘W. N. Lawless, Rev. Sci. Instrum. 42, 561 (1971). 
‘L. G. Rubin and W. N. Lawless, Rev. Sci. Instrum. 42, 571 ( 1971). 
3 W. N. Lawless, Rev. Sci. Instrum. 46, 525 ( 1975). 
4Yu. M. Vysochansky, M. I. Gurzan, M. M. Maior, C. T. Motrja, S. I. 
Perechinskii, M. V. Potorij, L. A. Salo, M. M. Khoma, V. Yu. Slivka, 
and Yu. V. Vorosilov, Sov. Phys. Solid State 27, 529 (1985). 
‘M. M. Maior, P. H. M. van Loosdrecht, H. van Kempen, S. B. Molnar, 
Yu. M. Vysochanskii, and V. Yu. Slivka (unpublished). 
6M. I. Gurzan, PhD. thesis, Uzhgorod State University, Uzhgorod, 
1983. 
‘H. Fr(ilich, Theory of Dielectrics (Oxford University Press, England, 
1957), Chap. 1. 
2648 Appl. Phys. Lett., Vol. 62, No. 21, 24 May 1993 Maior et al. 2648 
Downloaded 21 Aug 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
